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Hypoxia decreases calcium influx into rat proximal tubules. Renal
ischemia results in adenosine triphosphate (ATP) depletion, particularly
in cells of the proximal tubule (PT), which rely heavily on oxidative
phosphorylation for energy supply. Lack of ATP leads to a disturbance in
intracellular homeostasis of Na1, K1 and Cl2. Also, cytosolic Ca21 levels
in renal PTs may increase during hypoxia [1], presumably by a combina-
tion of impaired extrusion and enhanced influx [2]. However, Ca21 influx
was previously measured using radiolabeled Ca21 and at varying partial
oxygen tension [2]. We have now used the Mn21-induced quenching of
fura-2 fluorescence to study Ca21 influx in individual rat PTs during
normoxic and hypoxic superfusion. Normoxic Ca21 influx was indeed
reflected by the Mn21 quenching of fura-2 fluorescence and this influx
could be inhibited by the calcium entry blocker methoxyverapamil (D600;
inhibition 50 6 2% and 35 6 3% for 10 and 100 mM, respectively). La31
completely blocked normoxic Ca21 influx. Hypoxic superfusion of rat PTs
did not induce an increase in Ca21 influx, but reduced this influx to 79 6
3% of the normoxic control. We hypothesize that reducing Ca21 influx
during hypoxia provides the cell with a means to prevent cellular Ca21
overload during ATP-depletion, when Ca21 extrusion is limited.
Renal ischemia can, theoretically, disturb intracellular free
Ca21 by impairing Ca21 extrusion and by promoting influx of
Ca21. Evidence for an increased Ca21 influx during renal isch-
emic periods was obtained from experiments with calcium channel
blockers (CCBs), which were protective against ischemic injury
both in vivo [3–5] and in vitro [2, 6–8]. However, the protective
effects of CCBs were often not related to Ca21 entry blocking
properties, but to their vasodilatory, diuretic, antiperoxidant or
lipophilic properties [5, 8, 9] and to interactions with K1 channels
[10, 11]. More direct evidence for an increase in Ca21 influx
during hypoxia was provided by Almeida et al, who showed that
hypoxia and anoxia increased 45Ca21 influx in suspensions of rat
proximal tubules (PTs) [2]. Both verapamil and flunarizine inhib-
ited this increase and concomitantly prevented cell injury, as
assessed by the release of lactate dehydrogenase (LDH). Further-
more, uptake of 45Ca21 by LLC-MK2 cells was increased after 30
minutes of substrate-free anoxia [12].
Studies with 45Ca21, however, preclude a discrimination be-
tween Ca21 binding and Ca21 influx [12, 13]. In addition, Ca21
uptake experiments are performed in closed systems [2, 12], in
which O2 levels decrease continuously, due to the presence of O2
consuming cells. Recently, we showed that small changes in O2
levels dramatically influence cellular Ca21 handling in rat proxi-
mal tubules (PTs) [14]. Finally, 45Ca21 uptake studies reflect bulk
measurements and do not provide information at the single cell
level. An alternative technique to measure Ca21 influx was
introduced in 1985 by Hallam and Rink [13] and has been used to
study Ca21 influx in various cell types [15–18]. The method is
based on the assumption that ionized Mn21 enters the cell via the
same routes as Ca21, and once inside, binds to fura-2, resulting in
fluorescence quenching.
In the present study we report the first assessment of Ca21
influx into individual rat PT cells during normoxic and hypoxic
superfusion, using Mn21-induced quenching of fura-2 fluores-
cence. Indeed, normoxic Ca21 influx was detectable and could be
inhibited by various blockers. Most importantly, hypoxic superfu-
sion decreased instead of increased Ca21 influx.
METHODS
Isolation of rat proximal tubules
Proximal tubules (PTs) were isolated from male Sprague-
Dawley rats weighing 200 to 250 g as previously described in detail
[14] and kept on ice in modified Krebs Heinsleit buffer (KHB),
containing (in mM): D-glucose 5; MgSO4 1; NaCl 106; NaHCO3
20; KCl 5; NaH2PO4 2; HEPES 10; CaCl2 1; l-glutamine 1;
n-butyric acid 1; l-lactic acid 1. Glycine (2 mM from a 400 mM
stock solution in water) was added to preserve the PTs until the
start of the experiments.
Experimental setup
Loading of the PT occurred as described previously [14].
Briefly, 100 ml PT suspension was pipetted on a Celltak (Collab-
orative Biomedical Products, Bedford, MA, USA) coated cover-
slip and diluted 1:1 with loading buffer, leading to a final
concentration of 10 mM fura-2 AM (Molecular Probes, Eugene,
OR, USA), 0.025% (wt/vol) pluronic F127 [from a 25% (wt/vol)
stock solution in dry DMSO; Molecular Probes], 3 mM probenecid
(from a 0.5 M stock solution in 0.5 N NaOH; Sigma, St. Louis, MO,
USA) and 2 mM glycine (from a stock solution of 400 mM in water)
in KHB. Proximal tubules were loaded for 30 minutes at 24°C in
a customized Leiden chamber [1, 14], while being gassed with
95% O2/5% CO2. Evaporation was avoided by leading the gas
through a water containing bottle. After loading, the chamber was
mounted on the stage of a Nikon Diaphot inverted microscope,
which was connected via a CCD camera to the MagiCal system
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(Joyce Loeble, Tyne & Wear, UK). The MagiCal system has been
extensively described by Neylon et al [19]. The Leiden chamber
permits controlled superfusion, containing specific in- and outlets
for gassing, fluid and thermometer. Temperature was controlled
by heating the incoming perfusate by means of a water coat.
Experimental protocol
Experiments were started by flushing the chamber with nor-
moxic (95% O2/5% CO2) KHB for five minutes (2.5 min room
temperature, 2.5 min 37°C), followed by 6 to 9 minutes of
equilibration with normoxic (95% O2/5% CO2) or hypoxic (95%
N2/5% CO2) KHB. The perfusate did not contain glycine. After
equilibration measurements were started, comprising three or
four superfusion phases: (1) normoxic or hypoxic control; (2) if
appropriate, control 1 addition; (3) same as #2 but supplemented
with 0.1 mM MnCl2; (4) normoxic or hypoxic control. Each phase
was recorded for two to four minutes. The perfusate was pumped
through Viton tubing (Rubber BV, Hilversum, The Netherlands)
into the chamber. The fluid in the chamber was gassed over with
the appropriate gas mixture. Superfusion with hypoxic solution
and gassing with 95% N2/5% CO2 in the chamber led to a PO2 of
5.5 to 6.5 mm Hg in the chamber, as described previously [14].
Dynamic video imaging was carried out with the MagiCal hard-
ware and the TARDIS software provided by Joyce Loebl (Tyne &
Wear) [20]. Fura-2 loaded PT were excited alternately with 340
nm and 380 nm. The emitted light was filtered through a 490 nm
filter and captured by a CCD camera. Neutral density filters were
used to diminish bleaching. NADH fluorescence was measured at
340 and 380 nm excitation and 490 nm emission using unloaded
PTs.
Mn21 quenching of fura-2 fluorescence
The quenching method is based on two unique properties of the
Mn21 ion. First, Mn21 competes with Ca21 for entry into cells.
Secondly, once inside the cell, Mn21 binds to fura-2 with a higher
affinity than Ca21 and quenches fura-2 fluorescence [13]. The
Mn21-induced quenching rate was analyzed at the level of single
PT as summarized in Figure 1. First, the 340 and 380 nm
fluorescence signals were added to obtain a Ca21-insensitive
fura-2 fluorescence signal (Fig. 1A), as previously described in
detail [21, 22]. Secondly, the decline in Ca21-insensitive fura-2
fluorescence in time due to photo bleaching and dye leakage was
fitted to a single exponential curve using the data points of the
control superfusion phase. The calculated decay rate constant was
used to correct the original signal as described previously by
Muallem et al [21] (Fig. 1B). Thirdly, the corrected Ca21-
insensitive fura-2 fluorescence values obtained during the entire
experimental period were normalized to the average value ob-
tained during the control superfusion phase in order to take into
account variable loading levels of the different cells (Fig. 1C).
Fourthly, after the addition of Mn21, the initial data points were
fitted by linear regression and the slope was subsequently pre-
sented as a positive value in arbitrary units per minute (AU z
min21), and taken as a measure for the rate of Ca21 influx under
the different experimental conditions (Fig. 1D).
Stock solutions and chemicals
Stock solutions of D600 were made freshly as a 100 mM stock
solution in 96% ethanol. La31 was added from a 100 mM LaCl3
stock solution in distilled water. All chemicals were of the purest
grade and obtained from Sigma (St. Louis, MO, USA) or Merck
(Darmstadt, Germany) unless indicated otherwise.
Statistics
All data are expressed as means 6 SEM. Statistical analysis was
performed using a paired t-test or analysis of variance (ANOVA)
with the Student-Newman Keuls post-hoc test using INSTAT
software (Graphpad Corp, San Diego, CA, USA). A P value
below 0.05 is considered significant.
RESULTS
Concentration-dependent quenching of fura-2 fluorescence
The concentration dependence of fura-2 fluorescence quench-
ing by extracellularly added Mn21 was determined in normoxic
tubules. Mn21 provoked a dose-dependent quenching of total
fura-2 fluorescence (Fig. 2). In all subsequent experiments an
intermediate concentration of 0.1 mM MnCl2 was used, which
allowed detection of both increases and decreases of the Mn21
influx. For comparison, Mn21-induced quenching of fura-2 fluo-
rescence was in the same order of magnitude as determined
previously in primary cultures of rabbit cortical collecting ducts
[23].
Fig. 1. Mn21-induced quenching of fura-2 fluorescence as a measure of
Ca21 influx in isolated rat proximal tubules (PT). Fura-2 loaded rat PT
were superfused with modified KHB at 37°C in an adjusted Leiden
chamber (see Methods section). The fluorescence signals were analyzed
simultaneously in 7 individual PTs with the MagiCal system. The fluores-
cence emission intensities at 492 nm after intermittent excitation at 340
and 380 nm, were added as a measure for the Ca21 insensitive fluores-
cence (A) and corrected for photobleaching, dye leakage (B) and variable
loading of the individual cells (C). At the indicated point, MnCl2
containing KHB entered the superfusion chamber. Subsequently, the
Mn21 induced quenching rate was calculated by a linear fit of 5 to 15
points measured within 60 seconds (open symbols, D). In the Results
section, the calculated slope is presented as a positive value and taken as
a measure for Ca21 influx. A typical experiment is shown.
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Effect of calcium channel blockers on quenching
Previous studies in our laboratory have shown that the calcium
channel blocker (CCB) methoxyverapamil (D600) prevented an-
oxia-induced increases in cytosolic free Ca21 in freshly-isolated
and cultured rabbit PT cells [6, 24]. In the present study, normoxic
Ca21 influx into rat PT was inhibited by 10 and 100 mM D600 to
50 6 2% and 35 6 3% of the normoxic control, respectively, and
was completely blocked by 100 mM La31 (27 6 11%; Fig. 3). We
have shown previously that the dihydropyridine CCB felodipine
provided protection against hypoxic injury in isolated rat PT [8].
In the present study, however, the effect of felodipine on Ca21
influx could not be investigated, since this blocker interfered with
the measurements at the used excitation wavelengths due to
autofluorescence.
Effect of hypoxic superfusion
Hypoxic superfusion decreased Mn21-induced quenching of
fura-2 fluorescence to 79 6 3% (Fig. 3). To validate hypoxic
conditions, NADH fluorescence was measured. Impairment of
the oxidative phosphorylation leads to accumulation of the elec-
tron donor NADH, which can be measured as a change in
fluorescence at 340 and 380 nm excitation and 490 nm emission.
When PT were perfused with hypoxic buffer instead of normoxic
buffer, NADH levels rapidly increased and were reversible upon
reoxygenation (Fig. 4).
Previous studies using this experimental setup have shown that
hypoxic superfusion leads to increased cell death, as assessed by
propidium jodide staining [14]. This could affect basal fluores-
cence decay by increased leakage of the probe. Therefore, in a set
of hypoxic experiments superfusion was reversed to Mn21-free
buffer after superfusion with Mn21-containing KHB, and fluores-
cence decay was compared to the initial baseline. As shown in
Figure 5, no change in fluorescence decline was observed after
hypoxic superfusion and wash-out of Mn21.
DISCUSSION
The present study shows that hypoxic superfusion of freshly-
isolated rat PTs decreases Ca21 influx as assessed by the Mn21-
induced quenching of fura-2 fluorescence, when compared to
normoxic controls. However, the mechanism by which Ca21
Fig. 2. Concentration-dependent Mn21 quenching of fura-2 fluorescence.
Fura-2 loaded rat proximal tubules (PT) were superfused with buffer
containing different concentrations of MnCl2 in an adjusted Leiden
chamber. Fluorescence was measured with the MagiCal system (Methods
section). Mn21 induced fura-2 fluorescence decay was dose-dependent.
Data are expressed as mean 6 SEM of at least 12 tubules from 2 different
preparations.
Fig. 3. Inhibition of basal Ca21 influx by calcium channel blockers and
hypoxic superfusion. Fura-2 loaded rat proximal tubules PT were super-
fused with KHB in an adjusted Leiden chamber and fluorescence was
measured with the MagiCal system (Methods section). Fura-2 fluores-
cence was quenched with 0.1 mM MnCl2 during normoxic (norm) or
hypoxic (hyp) superfusion, which was used as a measure for Ca21 influx.
The effect of various calcium entry blockers was studied in normoxic KHB.
Methoxyverapamil (D600) inhibited normoxic Mn21 quenching of fura-2
fluorescence at a concentration of 10 mM (10D) and 100 mM (100D).
Lanthanum, added at a concentration of 100 mM LaCl3 (La), completely
blocked Mn21-induced quenching. Data are given as the percentage of the
normoxic control and are expressed as mean 6 SEM of 23 to 89 tubules
from 3 to 11 different preparations. *P , 0.05 versus normoxic control.
Fig. 4. Hypoxic superfusion induces reversible NADH increase. Un-
loaded rat proximal tubules (PT) were superfused in an adjusted Leiden
chamber and autofluorescence was measured with the MagiCal system
(see Methods section). Proximal tubules were excited at 340 nm and 380
nm and emission was captured at 490 nm. NADH rapidly increased upon
hypoxic superfusion and returned to basal levels after reoxygenation. The
effect of superfusion with 0.1 mM MnCl2 containing buffer on NADH
autofluorescence was negligible. A representative response of a single rat
PT is shown.
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enters the cells and how influx is affected by hypoxia remains
unknown. The presence of voltage-dependent Ca21 channels has
been suggested, but has not been proven conclusively. McCarty
and O’Neil showed that a reduction of Ca21 in the bath solution
from 1 mM to 1 mM immediately reduced cytosolic free Ca21 in
microdissected rabbit PTs, revealing the existence of basal Ca21
fluxes [25]. Furthermore, these authors demonstrated that basal
Ca21 influx occurred through a verapamil-sensitive, but dihydro-
pyridine-insensitive pathway [26]. Swelling activated a dormant,
dihydropyridine-sensitive Ca21 entry pathway [25, 26]. Using the
patch-clamp technique, Zhang and Neil recently identified a
nifedipine-sensitive PKC-regulated Ca21 channel with modest
voltage sensitivity in the apical membrane of cultured rabbit
proximal tubular cells [27]. Also, the presence and localization of
L-type Ca21 channels was analyzed in rat kidney using a [3H]-
nicardipine binding assay [28]. The highest density of binding sites
was localized to the tubular parts of the nephron, including the
PT. Preliminary evidence from binding studies with the phenylal-
kylamine desmethoxyverapamil to basolateral membranes of PTs
also hinted at the presence of L-type Ca21 channels (R.J.M.
Bindels, unpublished observations). Also, the inhibition of anoxia-
induced increases in cytosolic free Ca21 by D600 (methoxyvera-
pamil) in cultured and freshly-isolated rabbit proximal tubular
cells [6, 24] suggested the presence of L-type Ca21 channels in
renal PTs. Thus, the existence of L-type or related Ca21 channels
in the plasma membranes of PT is very likely, although their
characteristics may be quite different from those present in
excitable cells. In the present study basal Ca21 influx as assessed
by Mn21-induced fura-2 quenching was inhibited by D600 and by
La31.
When Ca21 channels are present in PTs, hypoxia could influ-
ence their activity either by changes in channel conformation,
altered phosphorylation, or by endocytosis of channels, which
would all lead to a reduced Ca21 influx. Hoehner et al [29]
showed that dihydropyridine binding to L-type Ca21 channels in
cerebral cortex increased after only a few minutes of global
ischemia and decreased thereafter, indicative of a functional
adjustment of Ca21 channels during ischemia. Generation of
reactive oxygen species by dihydroxyfumaric acid resulted in a
decreased Ca21 current and in a corresponding reduction of
dihydropyridine binding sites in isolated myocytes [30]. Although
L-type Ca21 channels respond to depolarization by an increase in
Ca21 influx, several studies describe an inhibitory effect of
depolarization on Ca21 influx via a non-voltage-gated entry
pathway [31–33]. Thus, depolarization caused by hypoxia could
provide a trigger for decreased Ca21 influx. In this respect, the
Ca21 channel described by Zhang and Neil in cultured PT cells
was inactivated on strong depolarization [27]. The inhibitory
effects of D600 on Ca21 influx might be related to this finding: at
high concentrations the lipophilic CCB interacts with K1 channels
and causes depolarization [10, 11].
Only few reports have appeared describing Ca21 influx mea-
surements in hypoxic renal tissue. Almeida et al [2] used freshly
isolated rat PTs in suspension and subjected those cells to hypoxia
and anoxia. These authors reported an increased Ca21 influx after
10 minutes of both hypoxic and anoxic incubation, which could be
inhibited by verapamil and flunarizine [2]. Both O2-depleting
conditions led to enhanced cell death, which was prevented by the
CCBs. In a model of cultured monkey kidney cells, LLC-MK2
cells, Snowdowne, Freudenrich and Borle [12] studied Ca21 influx
and efflux, [Ca21]i and intracellular ATP-levels during substrate-
free anoxia. The Ca21 efflux increased in correlation with ele-
vated [Ca21]i levels and with increased Ca
21 influx. However, the
use of cultured cells in O2-deprivation studies is rather controver-
sial, since the process of cell culturing induces loss of cellular
transport functions and gain of glycolytic capacity, which leads to
a lower sensitivity of cultured cells to O2-deprivation [24, 34,
unpublished observations]. In LLC-MK2 cells ATP decreased to
15% of the control value after one hour of anoxia (;0.15 mM
ATP), whereas freshly isolated rabbit and rat PT are rapidly
depleted of ATP [7, 35, 36]. In view of the low K0.5 for ATP of the
plasmalemmal Ca21-ATPase (16 to 23 mM in liver, pancreas and
brain plasmalemma) [37–39], it is likely that maintenance of
ATP-dependent Ca21 efflux occurs in cultured cells, but not in
freshly isolated hypoxic PTs. This issue remains speculative be-
cause experimental tools to directly investigate intracellular ATP
levels or calcium efflux rates in superfusion systems are currently
lacking. The application of newly developed techniques, such as
the use of Mag-fura as a measure for intracellular ATP, may be
helpful for further research in this field. In the present study, we
measured cellular NADH levels to monitor the metabolic condi-
tion of the tubules during hypoxia. The immediate increase in
NADH autofluorescence after the onset of hypoxic superfusion
points to a rapid impairment of oxidative phosphorylation. The
presence of Mn21 had no effect on NADH accumulation.
In the above-mentioned studies 45Ca21 was used to assess Ca21
influx. This method, however, does not permit any discrimination
between Ca21 influx and binding [12, 13]. Pilot studies revealed
that all studied agents that prevented hypoxia-induced cell death
concomitantly inhibited enhanced 45Ca21-uptake (Wetzels, un-
published observations). Other experimental differences may also
Fig. 5. Hypoxia does not influence baseline Mn21-induced fura-2 fluo-
rescence decay. Fura-2 loaded rat proximal tubules (PT) were superfused
in an adjusted Leiden chamber and fluorescence was measured with the
MagiCal system (see Methods section). Hypoxic superfusion with KHB
was followed by superfusion with 0.1 mM Mn21 containing KHB for the
short duration indicated in the figure. Superfusion was reversed to Mn21
free KHB to determine hypoxia-induced changes in the basal fura-2
fluorescence decline during the experiment. The Mn21 independent
decreases in fura-2 fluorescence before and after the Mn21 quenching
period were identical. A typical response of a single rat PT is shown.
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be crucial. We have previously shown that [Ca21]i during O2-
deprivation is controlled by the ambient PO2 [14]. The
45Ca21-
uptake experiments with rat PTs [2] were performed in closed
flasks, which precludes maintenance of a constant PO2 due to the
presence of O2-consuming cells. The present study, therefore, was
performed in a controlled superfusion chamber, with a PO2 of 5.5
to 6.5 mm Hg [14], which remained constant throughout the
experiment. Under these conditions, Ca21 influx was inhibited by
hypoxia. This finding is in line with previous observations that 30
minutes of hypoxic superfusion under the same experimental
conditions had no effect on [Ca21]i, as reflected by a constant
fura-2 ratio, despite enhanced cell death [14]. Only complete
anoxia resulted in an increase in [Ca21]i [14]. The assessment of
calcium influx during anoxia would, therefore, be very interesting.
Unfortunately, anoxia could only be achieved by the use of
oxyrase in a closed chamber, which precludes the use of Mn21 to
quench fura-2 fluorescence. The development of superfusion
systems in which oxygen levels can be strongly reduced in a highly
controllable fashion would, therefore, be very valuable.
In conclusion, the present study shows that Ca21 influx into rat
PTs can be measured under controlled superfusion conditions
using the Mn21 quenching method. Normoxic influx is blocked by
established Ca21 entry blockers. Importantly, hypoxia leads to a
decreased Ca21 influx. This could reflect a physiological feedback
system, adding to the maintenance of Ca21 homeostasis after
ATP-depletion-induced impairment of Ca21 extrusion.
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APPENDIX
Abbreviations used in this study are: ATP, adenosine triphosphate; AU,
arbitrary units; CCBs, calcium channel blockers; KHB, Krebs Heinsleit
buffer; NADH, nicotinamide adenine dinucleotide; PT, proximal tubule.
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